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Quantum Chromodynamics (QCD)

A beautiful and self-consistent QFT of quarks and gluons

d Fields: ¢f(x) Quark fields: spin-"2 Dirac fermion (like electron)
2 Color triplet: i =1,2,3=N,
Flavor: f=u,d,s,c, bt

A, () Gluon fields: spin-1 vector field (like photon)
Coloroctet: « =1,2,...,8=N? -1

1 QCD Lagrangian density- ... Bardeen, Fritzsch, Gell-Mann, Leutwyler, 1972,3
Locp(, A) Zw (10,05 — gAL.a(ta)i )V — mpdyj] %f

1 [a Ay — a,,AM,
+ gauge fixing 4+ ghost terms
d QED Lagrangian density — force to hold atoms together:
Lopn(, A Z¢ (10 — eA — mgl ! — 1 10,4, — 0,4,

< QCD is much rlcher in dynamics than QED

<> QCD is universally recognized as the correct theory of strong interactions

< But, No nucleons, No mesons, No nuclei, No XYZ, ...
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QCD has been successful
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Outline for the rest of my talk

4 “Big” questions/puzzles about QCD (ep + eA)

Almost all are connected to the role of the glue, which
is “dark”, not “free” in isolation, but, interact with itself, ...

O What we could learn in next 10 years or so (ep + eA)

JLab12, COMPASS + RHIC, FNAL, LHC, ...
Improved theory calculations, Lattice QCD, ...

d QCD in 2025

Theory (Confinement — hope?)
Improved and better controlled probes for
hadron structure, emergency of hadrons, ...
Ready for EIC, ...

Lattice QCD
hadron structure, nuclear force, ...

d Summary See also Kovchegov’s talk



“Big” questions/puzzles about QCD (ep + eA)

d How quarks and gluons are confined
inside the hadrons - 3D structure?

<> Can we develop analytical tools to connect
hadron structure and properties at low energy
to the parton description at high energy?!

Confined motion, orbital motion, spin,
Quark radius vs proton radius,
Nuclear force from QCD, ...

< Can lattice QCD and EFT help?

Static Boosted

 How does the glue fill out hadron’s (y 0‘52;:
inner space — 3D glue distribution?

<> Can we develop better probes to go
beyond the current accuracy?!

Gluon radius vs proton radius, ~
QCD vs QED,

Initial condition for HI collision,
The physics and role of the “x”, ...




“Big” questions/puzzles about QCD (ep + eA)

O How hadrons are emerged from the

color charge(s)?

<> Can we develop analytical tools to
“see” the evolution of the color/jet

and to predict the jet structure and

the emergence of hadrons?!

Control of the partonic kinematics?

Hadronization mechanism?

O How to understand the family

of hadrons?

<> Can we see gluonic excitations in

hadron spectrum?

< Interpretations of GlueX data from

JLab, precisions?

< XYZ particles at future ep + €A, ...

Jet
structure

Nucleus as a “vertex detector”
at a femtometer scale

A new particle explosion?
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D° — D™ “molecule”

( 0 ) Pentaquarks?

qq-gluon“hybrid”



Nucleon Structure

d 1933: Proton’s magnetic moment g2 PO i)
15
10 Proton
05
05 10 15 20°!ml
0 1960: Elastic e-p scattering o e
' Robert Hofstadter Tl
T ~03, Neutron
Form factors: ~04
-0.5

===) Proton “radius” - charge radius

O Our understanding of the nucleon evolves

1970s 1980s/2000s Now

Nucleon is a strongly interacting, relativistic bound state
of quarks and gluons




What holds it together?

0 Understanding the glue that binds us all - the Next QCD Frontier!

0 Gluons are wired particles!

< Massless, yet, responsible for nearly all visible mass

< Carry color charge, responsible for color confinement and strong force
4.0¢ —

'CTE'Q 65; parton
3.5} distribution functions
: Q% =10 GeV?

but, also for asymptotic freedom,

as well as the abundance of glue

Without gluons, there would be
no nucleons, no atomic nuclei...
no visible world!

Momentum Fraction Times Parton Density
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Boosted nucleon structure

O High energy probes “see” the boosted partonic structure:

Boost = time dilation

/\'
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AN Hard probe: t~1/Q<1/10 fm

Momentum fraction x

2 4.0——— :
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Fraction of Overall Proton Momentum Carried by Parton

< At very small-x, proton is “black”, while the positronium is still transparent!

< Recombination of the large numbers of glue leads to the saturation
— a universal property of QCD and its gluon self-interaction!



What could learn in next 10 years or so?

d Lepton-hadron facility: JLab12, COMPASS, ...

e (k,/)
Q2 >Measure of resolution
¢ (ki) Y = Measure of inelasticity
X = Measure of momentum fraction
of the struck quark in a proton
Q2=Sxy
> X (p,/)

Inclusive events: e+p/A > e’+X
Detect only the scattered lepton in the detector

Semi-Inclusive events: e+p/A - e’+h(x,K,p,jet)+X
Detect the scattered lepton in coincidence with identified hadrons/jets

Exclusive events: e+p/A - e’+ p’/A’+ h(xw,K,p,jet)
Detect every things including scattered proton/nucleus (or its fragments)
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Q° (GueV2

Kinematic coverage (ep)

1 LI || 1 I 1 LI || 1 1 1 LI || I 1 1 LI I I LI
103 Current polarized DIS data: .
"~ 0CERN ADESY oJLab oSLAC .
[ Current polarized BNL-RHIC pp data: ]
- @ PHENIX7® ASTAR 1-jet g
10° 3
10+ E
1 F JLab -
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107 10° 107 10" 1

X
JLab12 - Valence, COMPASS - Sea quarks, EIC - Sea quarks + Gluons



Hadron structure at large x

> d/u—1/2
& d/u—0

< d/u—1/5

CApn /1

& d/u —
4— i/
~ 0.42

SU(6) Spin-flavor
symmetry

Scalar diquark
dominance

d/ u

pQCD power
counting

Local quark-hadrc
duality
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d Testing ground for hadron structure at x = 1:

— CJ12mid
—= CTI0 |
—- MSTW0S |

-~ ABKM09




Hadron structure at large x

d Testing ground for hadron structure at x = 1:

> d/u—1/2

& d/u— 0

< d/u—1/5

& d/u

CApn /1

/4

(a4
Y

4— i/
0.42

SU(6) Spin-flavor + Aufu— 2/3
symmetry Ad/d — —1/3
Scalar diquark < Au/u — 1
dominance Ad/d R _1/3
PQCD power & Au/u — 1
counting Ad/d 1

Local quark-hadron + Auj/u— 1
duality Ad/d 1

Can lattice QCD help?



Upcoming experiments — JLab12

(d NSAC milestone HP14 (2018):
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Plus many more JLab experiments:
E12-06-110 (Hall C on3He), E12-06-122 (Hall A on 3He),
E12-06-109 (CLAS on NHj, ND;), ...

and Fermilab E906, ... Plus complementary Lattice QCD effort



Lattice calculations of hadron structure

Lattice QCD
0 New ideas - from quasi-PDFs (lattice calculable) to PDFs:

H1 and ZEUS preliminary

—qu— 10 GeV?

——— HERAPDF2.0 (prel.) NLO <f" =35 GeV?
B exp it

[ ] model uncert. I xu,
[[] parametriza uncert.

See also
Lin’s talk

X-dep distributions

< High P, effective field theory approach: Ji, etal.,
-~ dy L A2 MZ arXiv:1305.1539
2 _ 2 i
q(x, p*, Py) —[C Y Z (y Pz) q(y,p”) + O (Pg’ P2 1404.6680
< QCD collinear factorization approach: Ma and Qiu,
dy T M 1 arXiv:1404.6860
Gz, p?, P Z/ Cy ( —, P, ) fly, @) +0O (—2) 1412.2688
}ff MT Ishikawa, Qiu, Yoshida,
Parameter Factorization High twist
like /s scale Power corrections
O Open issues — major progresses by 2025: The TMD Collaboration

Proton state with a large P, on lattice, non-perturbative UV renormalization, ..



Lattice calculations of hadron structure

Lattice QCD
1 New ideas - from quasi-PDFs (lattice calculable) to PDFs:
< High P, effective field theory approach:

~ d
q(QZ,/Lz,Pz):/ yZ(
z Y y

< QCD collinear factorization approach:

G(z, 1, P Z/ dny<x;,P>f(y,u2)+0(i2

Parameter

like /s

]éi) q(y, p*) + O (

H1 and ZEUS preliminary

—qu— 10 GeV?

——— HERAPDF2.0 (prel.) NLO <f" =35 GeV?
B exp it

[ ] model uncert. I xu,
[[] parametriza uncert.

See also
Lin’s talk

X-dep distributions

Factorization
scale

d Tremendous potentials:

PDFs of proton, neutron, pion, ...,

Ji, etal.,

1404.6680

A2 M2 arXiv:1305.1539
P2’ P2

Ma and Qiu,
arXiv:1404.6860
) 1412.2688
MT Ishikawa, Qiu, Yoshida,
High twist
Power corrections

The TMD Collaboration

TMDs, GPDs, ... — the TMD Collaboration



Boosted 3D nucleon structure

O High energy probes “see” the boosted partonic structure:

Momentum Coordinate
Space Space
P xXp P
TMDs GPDs
f(x,kp)
3D momentum space images 2+1D coordinate space images

1—z
(12)7’"
,y* e — 5 — V:J/i/),(b,p
lx x’ 3
t

Major parts of JLab12’s physics program - large x




SIDIS is the best for probing TMDs

O Naturally, two planes:
1 N'-N!
oIy _

AUT((phaqOS) = PN 4N
= 45" sin(g, + @) + A sin(g, — ¢g)
+A5;etzelosity Sln(3¢h _ ¢S) \//

1 Separation of TMDs:

A o <Sin(¢h + ¢S)>UT « h @H; &% collins frag. Func.
Sers . . from e*e- collisions

AUT * <Sln(¢h _¢S)>UT ~ flT ®D1

A= o (sin(3g, =), * iy @ H j

Hard, if not impossible, to separate TMDs in hadronic collisions

Using a combination of different observables (not the same observable):
jet, identified hadron, photon, ...



Modified universality for TMDs

d Parity — Time reversal invariance:

SIDIS / (
-fq.,-"'hI (Ik '  o fq /1 -‘ k—L —S

 Definition of Sivers function:
fornt (2, k1, S) = fo/n(w, kL) + éA"\"fq/m (2, k1) S pxky
d Modified rniviarcalitu-
AN RS (k) = —AN FO (@ kL)
Same function, but, opposite sign!

d The sign change = Critical test of TMD factorization!

Same applies to TMD gluon distribution
COMPASS - DY, FNAL - DY, RHIC - W/Z+DY program, ...



Boosted 3D nucleon structure

d Current “predictions” and uncertainty of QCD evolution:
z 015
< -

z C
< 0.14

0.12F — 0903.3629 (x1/3) W 0.1F
F — 14015078 i
0.1p 1308.5003 0.05 |
o 1112.4423 .
0.08 - 1204.1239 o ————\_

- — 0903.3629

0051 14015078

' 1308.5003

01F — 11124423

- — 1204.1239

Lovo b b b b s By g i1 ‘0.157””‘”H‘HH‘HH““““““““HH
5 1 05 0 05 1 15 2 2 -15 -1 -05 0 05 1 15 2

y y

 Coordinated theory effort is needed:

0.06 |
0.04 |
002}

Of
2 -1

< TMD Topical Collaboration: Lattice, theory & Phenomenology

< The evolution and the sign change are solvable problems!
< RHIC is the excellent and unique facility to test this (W/Z — DY)!
Controlled probes for the 3D confined motion by 2025!



Quark/gluon transverse profile

 DVCS at JLab12 <> Measure DVCS at CLAS
. . . broad kinematic range with
<> .
Establish scaling of 0,5 in Hall A polarized & unpol observables
Run earlier
~14
| DVCS measurements in Hall A/JLab | (?g - " Exclusive kinematics
o -
: c’12—.‘ COMPASS
-
|
10—,‘
I '1
s_—ll CLAS12
(7] woea aev? 6:# §
Unphyeical WINE__ < 11 GeV | é
[ Euun66.GoV | 2
Epyon= 8.8 GeV 4]J-
[ By 110GV |
- . . { . =5.75 CeV o
of—r'f_l_rl—-lllilllljllllilnllillllilllQQIE:TIIIIrIrH 24—
0102 03 04 05 06 07 0.8 O.OXB ﬁ
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0 0.2 0.4 0.6 0.8

Theory: global fitting to extract GPDs ' ' X



JLab + COMPASS coverage for GPDs

Current DVCS data at colliders:

100 ZEUS-totalxsee [0 Hi-total xsec A .
- @ ZEUS- doidt W Hi- doidt 4 ]
: B Hi-Agy QA"‘& S
- Current DVCS data at fixed targets: ' Q0 1
" 4 HERMES-A, A HERMES-Acu & % 1

L & HERMES- Apy, A, Ay
& HEBMES-A,+ + HallA-CFFs
2 F. CLAS— ALU X CI_AS‘ AUL

= r Planned DVCS at fixed targ.: .
m B :--._.: COMPASS- dﬂl’dtr ACSLk A'C-ST T
(D B . =Ty JLAB-IIE_ dﬂ.ﬂd[, ALU'AUL'ALL 7
o L 4
O
10

T ]][11][
1 JIIIJJ'

[}

EIC: a new generation of lepton-hadron collider is needed!



Boosted 3D nucleon structure

d High energy probes “see” the boosted partonic structure:

kr
Momentum Coordinate
Space Space
xP
TMDs 2 2 GPDs
fd V \dkT
f(x,kr) f(x,br)
Quarks 4. From EIC white paper: arXiv:1212.1701 Gluons
d A e+tp—e+p+Jiy ergy
1 g 6.2 <Q? < 15.5 GeV? . , gn
150 ¢ J ER I ’ Vé
7"4 O.) 5L 2 0O 012 014 016 O.‘B ‘i 12 14 16
100 1 10™ g : ; X =0.01 _
X = o 0 02 04 06 08 1 12 14 16
50 B /,1' 02 5 |
, / . B | e we e s
0 02 04 06 08 110 =) .
Transverse momentum, k1 (GeV) Transverse distance from center, bt (fm)

Not discussed: various hadron form factors at JLab12



Nuclear landscape?

© EMC 4+ E136
= NMC <+ E665

o 1.2

O EMC discovery: ]
o,

Nuclear landscape 6% ]

.y = 0-97

superposition 0.8

of nucleon landscape 0.7-

0.

01

0.01

d JLab12 measurement of EMC effect and beyond:

Weinstein et al., PRL 106, 052301 (2011)

1.15 ;gz
1 §
":«1
085
N 115 =
=) £
& 5
= T
< 085
6( 1.15 0
~— a 4
1 6 sl‘: 2
0.85 a(A/d)

O‘A(QN

— plateau)

op (2N — plateau)

O =4 N W b= N O W
T

1
1256 15 175 2 225 25 275
Xg

Cloet et al.



Run away gluon density at small x?

| HERA dlscovery

Momentum Fraction Times Parton Density

1 Particle vs. wave feature:

In Q2

CTEQ6.5parton
3.5F dustrlbutlon functlons

1 What causes the low-x rise?
- Q% =10 GeV? ] < a2
3.0f gluons 3 gluon radiation
= - non-linear gluon interaction
2.0F -

. 1 What tames the low-x rise?
. | gluon recombination
N - non-linear gluon interaction

00001 0001 001 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

Gluon saturation — Color Glass Condensate
radiation = recombination

A
- O

pQCD

evolutlon
equanon

@ @ Leading to a collective gluonic system?
. with a universal property?
non-perturbative region o *L new effective theory QCD - CGC?

In x



An “easiest” measurement

O EMC effect, Shadowing and Saturation:

Saturation in R,

+
Saturation in F,A

J Questions:

Fermi motion

1.2

1.17

® EMC
® NMC

E139
¢+ E665

b~

.ﬁ)

Y B original

EMC finding

001
sea quark

¥ 0.1
X

valence quark

Will the suppression/shadowing continue fall as x decreases?
Could nucleus behaves as a large proton at small-x?
Range of color correlation — could impact the center of neutron stars!



An “easiest” measurement

O EMC effect, Shadowing and Saturation:

- Q> =3.5GeV"
i — %

Q*=10 GeV?

0,x,Q)

J Questions:

Fermi motion

® EMC
® NMC

E139
¢+ E665

b~

’)
, |
T —

B original

EMC finding

e
sea quark

X

0.1

valence quark

Will the suppression/shadowing continue fall as x decreases?
Could nucleus behaves as a large proton at small-x?
Range of color correlation — could impact the center of neutron stars!



An “easiest” measurement

O EMC effect, Shadowing and Saturation:

Saturation in R,

+
Saturation in F,A

Fermi motion

1.2

1.17

® EMC
® NMC
“ E139
¢+ E665

b~

|

B original

EMC finding

oo
sea quark

0.1

X

Saturation in F,(A) = R¢, decreases until saturation in F,(D)

J Questions:

1
valence quark

Will the suppression/shadowing continue fall as x decreases?

Could nucleus behaves as a large proton at small-x?

Range of color correlation — could impact the center of neutron stars!



The best signature for gluon saturation

] Diffrative cross section:

9 - Fraction of diffractive events
Oqdiff X [ (x Q )] 18 '\+\+ in eAu over that in ep
1 dgdsz/ 1 do_dsz 1.6} S
ofg dMZ [ oi dME ) ‘m\\\v
25— 30% _ | / d Sazwaf/_
Y T0-18% ~ f2 °n \
Mx .
B ———=
1 dO'dlff 1 dO'dsz O8~
Ute;% dM2 Utgt sz 0.6 2 P PSP e TR
p' P A L
(L e e
At HERA ook szw-%vz
ep: 10-15% diffractive G |
At EIC eA, if Saturation/CGC 010-1 1 10
eA: 25-30% diffractive Mass squared gf prodtzjced
Early work — E665 @ FNAL: hadrons, My (GeV")

Nuclear shadowing, diffractive scatterina and low momentumprotons
in u Xe interactions at 490 GeV Z. Phys. C 65, 225-244 (1995)



Emergence of hadrons/Jets

1 Hadronization:

< Single-Parton Fragmentation functions — necessary for SIDIS

<> Double-Parton Fragmentation functions — new

Heavy quarkonium production - cc bb fragmentatlon Kang, et al.
(rate polarization, hadronization mechamsm Fleming et al.

a2 ol e
Pr pT pT

Light meson production - Ud (us, fragmentatlon
(suppressed in production, enhanced in fragmentation, ...)

1 Jet substructure: See also Vitev’s talk

0% Two-scales: Jet energy >> Jet “mass”

%O Tool: Soft-Collinear Effective Theory (SCET)

e

Challenge: Jet in medium?



Hadronization puzzle

1 Strong suppression of heavy flavors in AA collisions:

| ! | ! | ! | !
Dﬁé 2( Au+Au— D° + X @ 200 GeV y10+y1T]
A - = 0-10%
1.5
) H H = 0-12%
1 I 8 PP

0.5:H 3'] b

P, (GeV/c)

O Emergence of hadrons:

T LI L e B B R

= L L B L A Tt
mé 1 .8: Pb-Pb, \}SNN =2.76 TeV
1.6 . ]
- eAverage D°, D*, D" |y|<0.5, 0-7.5% ]
1.4~ owith pp p_-extrapolated reference —
- = Charged particles, n|<0.8, 0-10%
1.2~ < Charged pions, n|<0.8, 0-10%

;
0.8l
o.sf
0.2f

o] 5 10 15 20 25 30 35 40

o (GeV/c)

How do hadrons emerge from a created quark or gluon?
How is the color of quark or gluon neutralized?

d Need a femtometer detector or “scope”:

Nucleus, a laboratory for QCD

Evolution of partonic properties



In-medium hadronization

2
O Unprecedented range of photon energy v at EIC: V= ng
< Small v - in medium hadronization:
Stages of hadronization: parton, pre-hadron, hadron
< Large v - parton multiple scattering: .
Parton energy loss - cold nuclear matter ¢ Nucleus:
d Heavy quark and quarkonium production: Femtometer size

Vertex detector

e Filter for production
g % ; § mechanism!




Emergence of hadrons from partons

How hadrons emerge from colored quarks and gluons?

O Unprecedented v range at EIC: 150, l o D0 mesons (lwer energy)

W Pions (lower energy)
. 2
e 2mx

+ O DO mesons (higher energy)
>Ww... é&:;;gf’ Control of v and
medium length!

Pions (higher energy)
d Heavy quark energy loss:
- Mass dependance of fragmentation

-b
w
o

) m—Nang, pions (lower energy)

1.10J;,

0.90]

o
ﬂ
=)

Ratio of particles produced in lead over proton
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1-Jettiness cross section in e-A — event shape

Z. Kang, Mantry, Qiu, 2012
View in center of mass frame

n-

k == G?z @ r P — \/__
n= 2 Z min{gp - pi. q; - pi}
doy = (130'(6 * NA 2 J X) 1-jettiness:
O A = - .
du dP JT@—> global event
shape

Good measurement
\\ y. of the radiation pattern
N\ //

T~ PJT T << PJT D. Kang, Lee, Stewart, 2013



Density distribution — Fluctuation

. . . . Guo, Liang, Wang, 2010
O Azimuthal distribution: Pitonyak, Qiu

V, in SIDIS?

2(2 —y)W1—ykr xszJ_(xBak/T)
1+(1-y)? Q fi(zs, Hr)

4 A-dependence of the k-dependent distribution:

A= = A (kL —q1)?
fi(z, kr) = (1 + 2—2kr -3kT) A /d2<u. exp [— A

(cos Plea =

f}t\zlj_(x’ é’-L)

kr

- L. = \2
filz, k1)~ %/di’QLGXP [— (kL Aql) ] fr(z,q1)




Hadron properties from Lattice QCD

d Low-lying hadron mass spectrum: A. Kronfeld, 1209.3468
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Predictions with limited inputs



Hadron properties from Lattice QCD

(d Meson resonances:

254
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negative parity

°
I Tw
_— &
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Dudek et al, Phys.Rev. D88 (2013) 094505

positive parity

Transition form factors, ...
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Hadron properties from Lattice QCD

O Magnetic moments:

S.R. Beane et al., Phys.Rev.Lett. 113 (2014) 252001

3
4 - il i
i P
2+ d i
=
Z.
3 i
5~ O
i n 3
B Ee ————— 7
......... = experiment

Theory at m_= 806 MeV vs. the nature!

Nuclei are (nearly) collections of nucleons
— shell model phenomenology'!



Nucleon spin and OAM from lattice QCD

3 XQCD Collaboration: [Deka et al. arXiv:1312.4816]
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Lattice QCD test of the “sign change”

Musch et al. Phys.Rev. D85 (2012) 094510, ...

1 Sample results - Sivers shift:
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The TMD Topical Collaboration — supported by DOE-ONP



Summary

1 QCD has been extremely successful in <1/10 fm
interpreting and predicting high energy
experimental data, but, we still do not know
much about hadron structure, and how
hadrons are emerged from color charges

O Lattice QCD has made tremendous progresses, and expected to
play a major role in determining hadron properties and structure

O With JLab12, RHIC, FNAL and facilities around the world, new
data will challenge the theory, and new theory ideas will
influence the experimental program

O But, EIC is a ultimate QCD machine, and absolutely needed:
1) to discover and explore the quark/gluon structure and
properties of hadrons and nuclei,
2) to search for hints and clues of color confinement, and
3) to measure the color fluctuation and color neutralization

Thanks!



Electron-lon Collider (EIC)

d A giant “Microscope” - “see” quarks and gluons by breaking the hadron

O electron
<10%cm
e 4Ee = 200 GeV
proton
@ (neutron)
a \ = nuc!gus @
~10""“cm
atom~102cm g= 10 GeV
/ Ar=0.02 fm

&

E. ~ 0.5 GeV
h
e

s

g= 0.2 GeV
Ar=1fm

0 Also a sharpest “CT” - “imagine” them without breaking the hadron
— “cat-scan” the nucleon and nuclei with better than 1/10 fm resolution

d Why now?
Exp — advances in luminosity, energy reach, detection capability, ...
Thy — breakthrough in factorization - “see” confined quarks and gluons, ...



US EIC - Physics vs. Luminosity & Energies
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